Colorectal metastases in the liver grow according to three histological patterns: a pushing pattern, a replacement pattern, and a desmoplastic pattern. The objective of the current study was to explore the prognostic significance of these three growth patterns for survival. The study included 217 consecutive patients, liver resected between 2007 and 2011 due to hepatic metastases from colorectal adenocarcinoma. The growth patterns were assessed on archival hematoxylin and eosin-stained tissue sections. In 150 metastases, the density of the immune cell infiltrate at the tumor periphery was judged by a semi-quantitative method. The prevalence of the pushing-type, the desmoplastic-type, and the replacement-type was 33%, 32%, and 11%, respectively; 24% of the metastases displayed a mixed pattern. Kaplan-Meier analysis and Cox regression demonstrated a prognostic significance of the growth patterns (P ¼ 0.0006, log-rank test), as the replacement pattern appeared as an independent predictor of poor overall survival. For patients with replacement growth, the hazard of death was 2-2.5 times higher than for patients with pushing growth (P ¼ 0.004, cox regression) or mixed growth (P ¼ 0.01), and nearly four times higher than for patients with desmoplastic growth (Po0.0001). The negative prognostic effect of the replacement growth pattern was even more pronounced after adjusting for tumor size. Desmoplastic growth corresponded with small tumor size, dense lymphocytic infiltration and a more favorable prognosis. Eventually, the growth patterns may contribute to a histology-based prognostic biomarker for patients with colorectal liver metastases. Modern Pathology (2014) 27, 1641-1648; doi:10.1038/modpathol.2014.4; published online 23 May 2014
During the last 5-10 years, major advances have been made in both the medical and surgical treatment of liver metastases from colorectal carcinoma. The number of patients who undergo liver resection with curative intent has therefore increased significantly. However, so far, little is known on the biological, clinical, and histopathological features that determine prognosis after hepatic resection. The revised and more active treatment strategy has thus fostered a demand for new and better prognostic and predictive markers that can be used for selecting the right treatment regimen for each patient. For primary colorectal cancer, the malignant transformation from adenoma to carcinoma is by now very well described; far less described are the events that govern the progression of metastases in the liver. A greater understanding of the diverse infiltration mechanisms of the metastases, including the intricate interaction with the hepatic microenvironment, might lead to new prognostic and therapeutic prospects.
Vermeulen et al 1 identified three histological growth patterns for colorectal liver metastases, suggesting biological differences: (i) a pushing growth pattern, in which the metastasis expands by compression of the surrounding liver parenchyma, pushing the liver cell plates aside; (ii) a desmoplastic growth pattern, in which a fibrous rim separates the metastasis from the liver paren-chyma; and (iii) a replacement growth pattern, in which tumor cells infiltrate the liver cell plates, replacing the hepatocytes while co-opting hepatic stroma and sinusoids. Examples of the three types of expansion are included in Figure 1 . The growth patterns differ with respect to angiogenesis, as In (e and f) a metastasis is depicted with a desmoplastic growth pattern. The metastasis is separated from the surrounding liver parenchyma by desmoplastic stroma. Typically, the desmoplastic rim presents as two compartments: a dense part toward the tumor and an edematous part toward the liver tissue harboring an intense immune cell infiltrate.
replacement-type metastases exert virtually no angiogenic properties at the invasive front. [1] [2] [3] [4] The desmoplastic growth pattern is consistent with high proteolytic activity. 4, 5 Although the morphological categorization described by Vermeulen et al 3 has been recognized in various studies, the prognostic significance remains controversial. Van den Eynden et al 3 identified pushing growth as an independent predictor of poor 2-year survival, whereas Nagashima et al 6 found a detrimental effect of an infiltrative tumor margin similar to the replacement pattern. Several studies comparing metastases with and without desmoplastic encapsulation have reported a positive impact on survival of desmoplasia per se. [7] [8] [9] [10] [11] [12] [13] In consequence, the aim of the present study was in a population treated according to modern guidelines and indications to examine the prognostic value of the histological growth patterns for survival.
Materials and methods

Patients
The study included 217 consecutive patients (134 men and 83 women) diagnosed with colorectal adenocarcinoma liver metastases. The patients underwent hepatic resection with curative intent at Rigshospitalet, Copenhagen University Hospital, during the period from January 2007 to August 2011. Median age of the patients was 65 years (range: 19-92). The growth pattern of the metastases was assessed on archival 4 mm hematoxylin and eosin-stained tissue sections cut from formalin-fixed paraffin-embedded specimens from the tumor-liver boundary. Patients were excluded if no tissue sections complying with these criteria and of at least 1 cm 2 were available. In addition, patients whose metastases appeared with a positive margin or with heat-induced damage of the invasion front (due to the surgical procedure or previous radio frequency ablation) were excluded. For each patient, only the tissue section with the highest representation of the interface was examined, in order to standardize the material, recognizing that it is impossible to assess the entire surface of a sphere in a retrospective study.
In addition to this, the material from 22 re-resections of 16 patients with recurrent colorectal liver metastases was evaluated histologically in order to compare the growth pattern across repeat hepatic resections. In the survival analysis, these patients were included by the growth pattern of their first metastasis.
Survival data were acquired from the National Patient Index. The largest diameter of the metastases as well as the number of metastases per patient were obtained from the original pathology reports. Oncological treatment data on the patients were not available. All procedures followed were in accordance with the ethical standards of the national 
Histological Assessment
The histological growth pattern of the metastases was characterized as 'pushing-type', 'desmoplastictype' or 'replacement-type', according to the procedure described by Vermeulen et al. 1 In order to purify these three categories, a definition for metastases with multiple growth patterns was demanded. Hence, a 'mixed-growth pattern' was defined as a morphology where at least two growth patterns were present, both appearing in at least 20% of the tumor periphery. Mixed-type metastases were included with a dominating primary growth pattern and one or two secondary growth patterns. Metastases with mixed-type margins have been reported earlier, but guidelines for cut-off point and categorization have not yet been published. [1] [2] [3] [4] In previous studies, little intra-and inter-observer variability was found for Vermeulen's procedure. 1, 2, 4 After consensus readings by two observers (KN and BV) of 20 cases, one observer (KN) assessed all sections. Cases of doubt were judged by consensus review. The assessment was blinded with regard to prognosis and other clinical conditions.
In 150 patients, the density of the lymphocytic infiltrate at the tumor edge was scored on a semiquantitative scale from I to III, where a score of I indicated no or mild immune cell infiltration with a diffuse distribution in the tissue; II indicated moderate immune cell infiltration, mainly focal and with no appreciable tissue damage; and III indicated intense immune cell infiltration, continuous and with marked tissue destruction.
Statistical Analysis
The data were analyzed for statistical significance by w 2 test, Kruskal-Wallis test, log-rank test, Cox proportional-hazards analysis, and the Cox score process. A P-value o0.05 was considered statistically significant. The statistical calculations were performed using R and SPSS Statistics 19.0.
Results
The Histological Growth Patterns
The pushing growth pattern was found in 33% of the metastases (n ¼ 72), the desmoplastic pattern in 32% (n ¼ 70), the replacement pattern in 11% (n ¼ 23), and a mix of two growth patterns in 24% (n ¼ 52), as summarized in Table 1 . No metastases displayed all the three growth patterns. Among the mixed-type metastases, pushing growth was the most frequent pattern, appearing as the primary growth pattern in 50% (n ¼ 26), and as the secondary growth pattern in 69% of the remaining (n ¼ 18). Desmoplastic metastases were significantly smaller than metastases with pushing-type (P ¼ 0.002, Kruskal-Wallis test) and mixed-type (P ¼ 0.01) margins. No significant differences in size were found between metastases with desmoplastic and replacement growth or between metastases with replacement, mixed and pushing growth. The number of hepatic metastases per patient did not seem to vary across the patterns (P40.5, Kruskal-Wallis test). However, these data were only available for 111 patients.
In addition, the growth pattern of 22 recurrent liver metastases was examined. Six of the recurrent metastases appeared with a new growth pattern as compared with the patients' first metastasis, and seven with a partly new growth pattern, in cases where one of the metastases showed a mixed-type margin. Consequently, the growth pattern does not seem to be host specific. The data are depicted in Figure 2 .
Survival Analysis
Of the 217 patients included, 95 died during followup. Median survival was 44.2 months and median follow-up time 30.1 months (range: 0.2-76.3). Kaplan-Meier analysis demonstrated significant differences in overall survival between patients with different growth patterns (Figure 3 ; P ¼ 0.0006, log-rank test). Patients with replacement growth appeared to have the poorest prognosis with a median survival of 22.8 months, as compared to 40.3 months in patients with mixed growth and 44.2 months in patients with pushing growth. Patients with desmoplastic metastases seemed to have the best prognosis with a five-year survival of 61% (median survival was not reached).
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Morphology of colorectal liver metastases (Table 2 ). For patients with replacement growth, the hazard of death was 2-2.5 times higher than for patients with pushing growth (hazard ratio (HR): 0.41, 95% confidence interval (CI): 0.22-0.75, P ¼ 0.004) or mixed growth (HR: 0.45, 95% CI: 0.24-0.85, P ¼ 0.01), and nearly four times higher than for patients with desmoplastic growth (HR: 0.27, 95% CI: 0.14-0.51, Po0.0001). The negative prognostic effect of a replacement-type margin was even more pronounced after adjusting for tumor size (Table 2 ). In the Cox analysis, desmoplastic growth was not associated with significantly better survival than pushing (HR: 1.53, 95% CI: 0.89-2.65, P ¼ 0.13) and mixed growth (HR: 1.69, 95% CI: 0.95-3.03, P ¼ 0.08); however, when matched against all nondesmoplastic metastases, the desmoplastic metastases showed a significant association with good survival (HR: 1.82, 95% CI: 1.12-2.96, P ¼ 0.015).
Patients with pushing-and mixed-type metastases did not differ with regard to survival (HR: 1.11, 95% CI: 0.66-1.86, P40.5). The Cox score process showed that the effects of growth pattern and tumor size on survival were independent of time, validating the assumption of proportional hazards. As the number of metastases per patient was only reported for 111 patients, this variable was not controlled for in the survival analysis.
Immune Cell Infiltration Table 3 and Figure 4 show the density of the lymphocytic infiltrate at the tumor edge of 150 colorectal liver metastases grouped according to their primary growth pattern. As it appears, metastases with a desmoplastic growth pattern were significantly more densely infiltrated than both pushing-type (P ¼ 0.0006, w 2 test) and replacementtype (P ¼ 0.0004) metastases. No significant difference was found between metastases with pushing and replacement growth (P40.5). Cox analysis showed no impact of lymphocytic infiltration on survival, neither univariately (HR: 0.78, 95% CI:
0.53-1.14, P ¼ 0.2), nor in a model adjusted for growth pattern and tumor size (P40.5).
Discussion
As compared to the primary colorectal adenocarcinomas, little is known on the pathogenesis and the prognostic factors of colorectal metastases in the a Data expressed as number and (proportion of n).
Figure 4
Histogram of the density of the immune cell infiltrate in relation to the primary growth pattern (n ¼ 150). The desmoplastic metastases are significantly more heavily infiltrated than metastases with a pushing-type or replacement-type margin (desmoplastic vs pushing growth, P ¼ 0.0006; desmoplastic vs replacement growth, P ¼ 0.0004; pushing vs replacement growth, P40.5).
liver. Vermeulen et al 1 identified three histological growth patterns for colorectal hepatic metastases, indicating differences in the underlying pathobiology. As opposed to previous morphological characterizations of the tumor-liver parenchyma interface, Vermeulen's classification distinguishes three fairly homogenous groups, each defined positively by a distinctive set of histopathological characteristics. However, the clinical relevance and the biological background of the growth patterns remain to be determined. The findings of the current study revealed a prognostic significance of the growth patterns in terms of overall survival, showing a potential clinical applicability of the classification. Thus, a replacement-type margin was an independent predictor of poor survival, whereas a desmoplastic margin seemed compatible with a small tumor size and a more favorable prognosis. Eventually, the growth patterns may contribute to a histology-based prognostication of patients with colorectal metastases to the liver. A few aspects of the current study deserve comments. Firstly, in the survival analysis, treatment before and after resection was not included in the model although, hypothetically, preoperative therapy may have affected the tumor morphology and treatment response may differ between the patterns. Hence, the survival data may not purely reflect the aggressiveness of the three types of expansion. However, from a clinical point of view, the findings are highly relevant, as the cohort reflects the actual patient population. Secondly, as the growth patterns were assessed on one tissue section per metastasis only, some of the observed growth patterns may not have been representative for the metastases. And thirdly, differences in the width of the resection margin could have influenced the results, although the prognostic value of this variable remains controversial.
The present findings conflict with a study conducted by Van den Eynden et al, 3 which evaluated an older cohort of 205 patients hepatectomized for colorectal liver metastases in the period 1995-2005. In this study, no differences in overall survival were found across the growth patterns, yet pushing growth corresponded with poor 2-year survival. 3 Although survival in all was markedly better in our study, we found a considerably poorer median survival for patients with replacement-type metastases than Van den Eynden et al, 3 in spite of improved medical and surgical management. In addition, the prevalence of the replacement pattern was lower in our population. A possible explanation for these contrasting findings is the differences in treatment and selection of patients between the two studies, as the two populations are derived from different time periods. Thus, a large part of our patients had received adjuvant chemotherapy after resection of the primary tumor, or chemotherapy and targeted treatment neoadjuvantly in connection with their hepatic resection. In theory, this could have altered the growth pattern of the metastases, either through tumor regression with subsequent scar tissue formation or through a selection of chemoresistant tumor clones with specific growth characteristics. Furthermore, different treatment response among the patients could have impacted on the results; in particular, anti-angiogenic therapy may have a stronger effect on pushing-type tumors than on replacement-type tumors. In both studies, desmoplastic encapsulation appeared as a marker of favorable outcome. 3 The findings obtained in the current study indicate a particularly aggressive or treatment resistant tumor biology of replacement-type metastases. One reason for this could be that metastases with a replacement-type margin gain an advantage by incorporating supporting structures endogenous to the liver. Pushing-type and desmoplastic metastases, on the other hand, depend entirely on the formation of new blood vessels and structural stroma gradually as they expand; the high angiogenic activity is, at least in part, hypoxia-driven. 3 Correlations between low-angiogenic growth patterns and poor survival have also been reported for primary non-small-cell lung cancer. 14, 15 In addition to this, hypothetically, the intercellular interactions between tumor cells and hepatocytes in the replacement pattern (see Figure 1d ) may exert tumor-promoting properties. It should be emphasized that the intermediate survival rates for patients with pushing-and mixed-type metastases could reflect heterogeneity within these two groups with both highly aggressive and more indolent tumors represented.
As regard the desmoplastic pattern, the question is, whether the tumor actively stimulates fibrogenesis in order to generate a favorable microenvironment or whether the stromal reaction rather represents a hepatic defense mechanism, an attempt to confine the tumor, analogous to a host-versusgraft response. It is well described that desmoplastic encapsulation of colorectal liver metastases corresponds with good survival, a minimal risk of local recurrence, and small tumor size. 3, [7] [8] [9] [10] [11] [12] [13] It has even been reported that the thicker the desmoplastic rim is, the better the prognosis. 11, 12 These data corroborate that the desmoplastic pattern might teleologically represent a hepatic defense mechanism, at least as the general rule. Indeed, the cellular and molecular mechanisms involved in encapsulation of hepatic tumors resemble those of wound healing in response to chronic liver injury. [16] [17] [18] [19] [20] However, for some cell lines from colorectal hepatic metastases, in vitro interactions with type-I collagen have been reported to promote growth, survival, and chemoresistance via a v integrin ligation. 21 Vermeulen et al 1 described the growth patterns as three fundamentally different types of expansion, yet the mixed-type pattern and the variable growth patterns among multiple and recurrent metastases, documented by Eefsen et al 4 and the present study, suggest interrelations between the growth patterns. Based on a study on autopsied livers, which showed that the replacement pattern was highly predominant among micrometastases o1 mm, Terayama et al 22 hypothesized that the replacement pattern is simply a stage that precedes the pushing and desmoplastic patterns. As the metastasis progresses, the morphological appearance of the tumor-liver boundary will change either with the accumulation of collagen or when the speed of expansion exceeds the rate of hepatocyte replacement at the invasive front. 22 Terayama's notion is not necessarily incompatible with the relationship between replacement growth and poor survival, demonstrated in the present study. Hence, the current findings could also indicate that metastases, which continue to grow according to a replacement pattern, in general are the most aggressive.
In murine models, Paku et al 23 demonstrated that slow growth rate favor the accumulation of fibrous tissue, in particular in response to pressure atrophy due to pushing growth. In consequence, the reason why pushing growth is overrepresented among mixed-type metastases could be that replacementtype metastases with slow hepatocyte turnover tend to progress to the pushing pattern, whereas slowly expanding pushing-type tumors are particularly likely to induce a stromal reaction, leading to a desmoplastic pattern.
In conclusion, the present study demonstrated a prognostic value of the growth patterns of colorectal liver metastases in terms of overall survival. If the current findings can be reproduced, we recommend recording the growth pattern as a routine prognostic biomarker in the pathology report. In addition, the growth patterns may in time be useful in the stratification of patients for personalized medicine, although the predictive potential would improve if biochemical or radiographic surrogates were discovered. The prognostic impact of the classification reinforces the need for identifying the factors that determine the growth pattern. A possible determinant was described by a recent study, which categorized colorectal cancer cells according to their expression of Wnt-target and stem cell genes, identifying six subtypes, each resembling a distinct cell type within the normal colon crypt. 24 These subtypes could be indicative of the development of metastatic disease and may correspond with the morphology of the metastatic tumors.
